The removal of uranyl ions from aqueous solutions with peat moss was investigated by batch methods. The effects of factors such as the pH, ionic strength, contact time, peat moss dosage and humic acid concentration on uranyl ion adsorption were studied. The results indicated that the adsorption of uranyl ions onto peat moss increased with increasing pH within the range 2-6, with higher humic acid concentrations and with decreasing ionic strength. The kinetics of the adsorption process were well described by the Elovich equation, while the equilibrium adsorption isotherm was fitted reasonably well by the Freundlich adsorption model. The calculated fractal dimension of granular peat moss was 2.3384.
INTRODUCTION
The development of nuclear science and technology has increased the volumes of nuclear wastewater containing uranium being released into the environment. Environmental contamination caused by uranyl ions, even at trace levels, is a serious problem worldwide. For this reason, the removal of uranyl ions from wastewater is of great importance (Aytas et al. 1999) .
Procedures commonly used for the removal of uranyl ions from effluent include chemical precipitation, ion-exchange, oxidation/reduction, reverse osmosis, membrane processes and solvent extraction (Gu et al. 1998 ). These techniques exhibit disadvantages such as ineffective uranium ion removal at lower concentrations, high reagent and energy requirements, and the generation of toxic sludge or other waste products that require further disposal. The use of adsorption systems for the elimination of heavy metal ions from dilute solutions is efficient and environmentally friendly from techno-economic considerations. A search for a low-cost and easily available adsorbent has led to the investigation of materials of biological and agricultural origin such as peat moss, rice hulls, fibres, apple residues, plant leaves, saw dust and some dead biomasses as potential metal ion adsorbents (Barnett et al. 2002; Mishra et al. 2002) .
Research into new uses for peat moss is of great relevance, not only to the economy but also for the environment. Peat moss is a rather complex material containing lignin and cellulose as major constituents. Because of the very polar character of this material, the specific adsorption of dissolved transition metal ions and polar organic molecule is quite high (Tipping 1998; Qin et al. 2006; Gardea-Torresdey et al. 1996; Ray et al. 1996; Ho et al. 1996; Minihan et al. 2004 ). However, all the above studies were conducted with individual solutions containing either uranyl ions or humic acids with peat moss.
In the present work, peat moss has been used as the adsorbent for uranyl ions from aqueous solutions. The solution pH, contact time, peat moss dosage, humic acid (HA) concentration and ionic strength are important parameters for the elimination of uranyl ions present in aqueous media through adsorption. Their influence has been analyzed in order to evaluate the adsorptive ability of peat moss towards uranyl ions. The application of kinetic and equilibrium isotherm models has also been studied in an attempt to explain the adsorption characteristics of peat moss and to provide a better understanding of the process of removal of uranyl ions.
EXPERIMENTAL

Materials and methods
The peat moss was obtained from Xinyuan City in Liaoning Province, P. R. China. The peat moss sample was dried in an oven at 100 o C for 24 h and then sieved using a British Standard 80 mesh sieve to maintain a uniform particle size. The material was stored in desiccators for further use. Standard individual U(VI) ion solutions were prepared from UO 2 (NO 3 ) 2 •6H 2 O (A.R. grade) by dissolving the solid in slightly acidified doubly distilled water. Humic acids were supplied by Aldrich. All chemicals were of A.R. grade. Each experiment was performed at least twice under identical conditions.
A Nicolet 380 Fourier-transform infrared spectrometer (Thermo Electron Corp., Waltham, MA, U.S.A.) was used to identify the chemical functional groups present in the native peat moss. The IR spectra of peat moss embedded in KBr pellets were recorded over the wavenumber range 400-4000 cm -1 . A Vario EL CHNS elemental analyzer (ElementarAnalysesysteme GmbH, Hanau, Germany) was used for elemental analyses, and a 721E UV-vis spectrophotometer (Shanghai Analytical Instrument Factory, Shanghai, P. R. China) for the determination of the concentration of U(VI) ions using arsenazo III as the indicator. The absorbance of the complex formed between uranyl ions and arsenazo III was estimated spectrophotometrically at a wavelength of 665 nm (Mahramanlioglu et al. 2007) .
Adsorption experiments were conducted employing a static batch method to study the effect of basic experimental conditions such as the contact time, the pH, the adsorbent concentration, the ionic strength and the presence of HA. The adsorption capacity of peat moss was estimated by agitating 40 mg peat moss with 8 mᐉ of an aqueous solution of U(VI) ions of suitable concentration, temperature, pH, HA concentration and ionic strength in different polyethylene plastic centrifuge tubes on a shaking thermostat at 100 rpm for predetermined time intervals, followed by centrifugation to separate the peat moss from the U(VI) ion solutions. The residual concentrations of U(VI) ions in the supernatant solutions were determined spectrophotometrically. The initial pH values of the solution were adjusted by adding either 0.1 mol/ᐉ HNO 3 or NaOH. The background electrolyte was KNO 3 solution. The percentage removal of U(VI) ions was calculated from the relationship:
(1) where C 0 is the initial concentration of the U(VI) ion solution (mol/ᐉ) and C t is the solution concentration after at any time t (mol/ᐉ).
The adsorption of U(VI) ions onto peat moss was calculated via equation (2):
where Q t is the amount adsorbed at any time t (mol/g), C 0 is the initial concentration of the U(VI) ion solution (mol/ᐉ), C t is the concentration of the U(VI) ion solution at any time t (mol/ᐉ), V is the volume of the solution (ᐉ) and W is the mass of dry peat moss employed (g).
RESULTS AND DISCUSSION
Physicochemical characteristics of peat moss
Elemental analyses showed that the carbon content was 30.41%, whereas the contents of hydrogen, nitrogen and oxygen in peat were 3.76%, 1.83% and 64.00%, respectively. The peat was of the stable organic C form, indicating that it contained long-term carbon which had been sequestered in the soil. It is reported that large amounts of such stable carbon are present as humic acids in earth (Satrio et al. 2009 ). The peaks observed in the infrared spectrum of peat moss were assigned to various groups and bonds in accordance with their respective wavenumbers as reported in the literature (Sierra et al. 2005) . A broad and strong peak at 3394 cm -1 indicated the presence of O-H groups on the peat surface due to inter-and intra-molecular hydrogen bonding of polymeric compounds, while peaks at 1646 cm -1 and 1459 cm -1 , respectively, corresponded to the asymmetric and symmetric stretching vibrations of the carboxylate anion (-COO -). A strong absorption peak at 1270 cm -1 indicated a significant content of carboxylate anions in the peat. The infrared spectra demonstrated the presence of many deprotonated carboxyl groups in the peat moss whose presence is vital in coordinating with U(VI) ions. Figure 1 shows the effect of contact time on the adsorption of U(VI) ions onto peat moss. It will be seen that the percentage removal of U(VI) ions from the aqueous solution showed an initial rapid increase as the contact time increased. That was probably due to many of the active sites on the free peat moss being initially available for the adsorption of U(VI) ions. The data shown in the figure indicate that there was no benefit in extending the contact time beyond 4 h. Consequently, a contact time of 4 h was employed to ensure equilibrium in all further studies.
Effect of contact time
A study of the adsorption kinetics is desirable as it provides information about the process of adsorption. Some of the classical kinetic adsorption equations described in the literature include the following (Lv et al. 2007; Jalali et al. 2008 ).
Elovich equation:
Q t = a + b ln t
Two-constant rate equation:
Parabolic diffusion equation: Q t = a + bt 1/2
First-order kinetics equation: ln Q t = a + bt (6) where Q t is the amount of adsorbate at any time t [mg/(g adsorbent)], and a and b are empirical parameters.
The parameters in the four types of kinetic equations were determined from the slopes and intercepts of the plots and are presented in Table 1 . As demonstrated by the values of the regression coefficients (R) listed in Table 1 , the Elovich kinetic equation gave the best fit to the experimental data obtained at pH 2.5. The Elovich kinetic equation is suitable for systems with heterogeneous adsorption processes. It indicates that the adsorption of U(VI) ions was controlled by a heterogeneous phase diffusion and reaction process. The rate of diffusion of U(VI) ions from solution onto the peat surface and the rate at which U(VI) ions were adsorbed on the interior active sites of the peat moss were both responsible for the observed rate of adsorption of U(VI) ions. 
Effect of solid/liquid ratio
As shown in Figure 2 , the percentage of U(VI) ions removed increased as the solid/liquid (S/L) ratio increased from 2.5 g/ᐉ to 10.0 g/ᐉ. This may be explained by the fact that, at a lower peat moss dosage, the U(VI) ions were competing for a limited number of adsorption sites. However, as the unit mass of peat moss increased, the greater number of vacant adsorption sites available resulted in the removal of a greater percentage of U(VI) ions. These observations are in agreement with others reported in the literature for the adsorption of metal ions by different materials (Xuan et al. 2006 ). However, a further increase in the mass of the solid phase employed did not result in any substantial increase in the amount of U(VI) ions removed.
Effects of pH and ionic strength
In the present study, the ionic strengths of the solutions were adjusted by the use of KNO 3 . As shown in Figure 3 , an increase in the ionic strength from 0.05 mol/ᐉ to 0.25 mol/ᐉ had little effect on the removal of U(VI) ions. This was probably due to the formation of inner-sphere binary complexes between U(VI) ions and the peat moss at lower ionic strength (Hayes et al. 1988 ). However, a further increase in the ionic strength from 0.25 mol/ᐉ to 0.50 mol/ᐉ resulted in a rapid decrease in the amount of U(VI) ions adsorbed. This effect has been attributed to the presence of KNO 3 in the solution which screens the electrostatic interaction between the charges on the peat moss surface and the U(VI) ions in solution and also competes with the U(VI) ions for surface adsorption sites.
The results also indicate that the uptake of U(VI) ions increased as the pH of the solution was increased from 1 to 6 at constant ionic strength. The pattern of the adsorption edges depicted in Figure 3 is similar to that reported earlier (Helal et al. 2006) . In that work, Ag(I), Co(II) and Zn(II) ions all exhibited a relatively sharp increase in uptake on increasing the pH of their aqueous solutions from ca. 2 to 4. In the pH range 4-8 the adsorption showed a gradual increase to reach a maximum at a pH value of ca. 7.5 (Helal et al. 2006) . However, in the present study, there was little difference in the extent of U(VI) ion removal over the pH range 6-8. At low pH values, H + ions and U(VI) ions are in competition for surface adsorption sites. The extent to which H + ions are released from carboxylic groups increases with increasing pH. Similarly, the more negatively charged peat macromolecules will repel each other and the structures will become more uncurled with increasing pH, thereby making a greater number of active sites available for U(VI) ion adsorption.
Another aspect that must be considered is U(VI) ion speciation in aqueous media, which is also pH-dependent. The predominant form of the U(VI) ion in aqueous media is the oxygencontaining cation UO 2 2+ , with the uranium atom in the +6 oxidation state. When the pH value is above 4, several uranyl hydroxy species of low solubility such as UO 2 (OH) + , UO 2 (OH) -3 , (UO 2 ) 3 (OH) + 5 and UO 2 (OH) 2 are formed (Sachs et al. 2008) . The maximum uptake for U(VI) ions by peat moss was achieved at pH 8, as no further increase in U(VI) ion uptake was observed above this pH value.
Effects of pH and humic acid concentration
Humic acids, which account for a significant portion of natural organic matter, have a harmful effect on water quality. The uncomplexed U(VI) ion has a greater tendency to form complexes with humic acids than many other divalently charged metal ions (Kim 1986 ). Humic substances formed by the degradation of plants and animals contain a heterogeneous range of compounds with complex-forming capacities due to the presence of carboxylic, hydroxy and phenolic groups (Andersson et al. 1989) . Humic acids can also be found dissolved in surface waters as well as in groundwater.
The effects of pH and humic acid concentration on the adsorption of U(VI) ions are shown in Figure 4 . The data depicted in this figure show that the uptake of U(VI) ions increased as the pH value was increased from 1 to 6 at the same humic acid concentration level. These observations are similar to those depicted in Figure 3 concerning the effect of pH and ionic strength on the adsorption of U(VI) ions.
There are three possible roles for humic acids in the U(VI) ion adsorption system. Firstly, humic acids can inhibit the adsorption of U(VI) ions by the formation of non-adsorbable complexes with the ions. Secondly, humic acids compete with U(VI) ions themselves for the available surface sites. Thirdly, the adsorption of U(VI) ions can be enhanced by the presence of humic acids (HA) due to the formation of U(VI) ion/HA complexes on the peat moss surface. The surface complexation reactions would then involve U(VI) ions, HA and peat moss surface sites. The adsorption reactions for ternary surface complexes may be characterized as involving the following steps:
1. The formation of covalent bonds between peat moss and U(VI) ions, viz. the formation of binary peat moss/U(VI) ion complexes. Depending on the system involved, the above three routes can all be effective in a ternary surface complex system (Wang et al. 2008) . There are two possible structures for the adsorption of uranium and HA complexes on peat moss surfaces, viz. peat moss-U(VI)-HA and peat moss-HA-U(VI). Generally, binary U(VI)-HA complexes may sequentially form peat moss-U(VI)-HA-type ternary outer-sphere complexes through covalent bonding between peat moss and U(VI) ions. However, binary U(VI)-HA complexes may also form peat moss-HA-U(VI)-type ternary inner-sphere complexes through hydrogen bonding between peat moss and HA at high humic acid concentrations. As shown in Figure 4 , the addition of a maximum amount (32 mol/ᐉ) of humic acids led to an increase in the adsorption of U(VI) ions but not to a significant extent. This may be attributed to the formation of ternary inner-sphere complexes of the peat moss-HA-U(VI) type. It may therefore be concluded that the adsorption of U(VI) ions onto peat moss is dominated by the formation of ternary outer-sphere complexes [peat moss-U(VI)-HA] at low humic acid concentrations (e.g. 16 mol/ᐉ) and by ternary inner-sphere complexes [peat moss-HA-U(VI)] at high humic acid concentrations (e.g. 32 mol/ᐉ).
Adsorption isotherm
The Freundlich isotherm model assumes the adsorption of an adsorbate onto a heterogeneous adsorbent surface and has been used to predict the equilibrium adsorption behaviour of U(VI) ions onto heterogeneous peat moss. The Freundlich isotherm equation may be expressed by the relationship:
where Q e is the amount of U(VI) ions adsorbed per unit mass of peat moss (mol/g) at equilibrium, C e is the equilibrium concentration of U(VI) ions (mol/ᐉ), and K F and n are the Freundlich adsorption isotherm constants. The values of K F and n can be determined from the intercept and slope of the plot of log Q e versus log C e .
It was found that the Freundlich isotherm model gave a reasonable description of the adsorption process, with regression coefficients close to unity as shown in Table 2 . The applicability of the Freundlich isotherm model shows that an adsorption-complexation reaction occurred in the adsorption process, the fact that n was greater than unity indicating that the adsorption process occurred readily. Experimental conditions: C 0 = 3.915 × 10 -3 mol/ᐉ, S/L = 5 g/ᐉ, pH = 2.5, temp. = 25 o C, t (contact time) = 240 min.
Fractal geometry was used to describe the crude granule and its heterogeneity. The surface of peat moss demonstrated classical fractal characteristics, with the relationship between the constant n of the Freundlich equation and the fractal dimension, d, of porous moss being expressed as (Xu et al. 2000) : (8) The value of d = 2.3384 for peat moss suggests a higher fractal dimension and hence a coarser peat moss surface could result in the availability of a greater number of adsorption sites for U(VI) ions.
